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Polymer-based solar cells have made great progress during the past decade and consequently are now
attracting extensive academic and commercial interest because of their potential advantages: light-
weight, ﬂexible, low cost, and high-throughput production. On the other hand, the recent progress in
analytical tools has profoundly enhanced our understanding of the underlying mechanism of polymer-
based solar cells, which can provide valuable guidelines for materials design and device engineering
and therefore is essential for further improvement of the device performance. In particular, transient
absorption spectroscopy is a powerful tool for directly observing ultrafast fundamental processes in
polymer-based solar cells. In this article, we ﬁrst give a brief overview of the basic mechanism of
polymer-based solar cells, and the recent progress in the device performance based on the development
of materials. We review the method of assigning charge carriers generated in polymer/fullerene solar
cells, the dynamics of fundamental processes, and the efﬁciency of each photovoltaic conversion process.
 2011 Elsevier Ltd. Open access under CC BY-NC-ND license .1. Introduction
Since the discovery of conductive polymers in the 1970s,
conjugated polymers have been extensively studied. Consequently,
a new ﬁeld of organic optoelectronics has been opened up [1e4]. In
recent years, polymer solar cells based on semiconducting conju-
gated polymers attract increasing attention as a next-generation
solar cell, although silicon-based solar cells are currently the
most widely distributed solar cell in practical use. Compared to
silicon semiconductors, conjugated polymers exhibit narrower but
stronger absorption bands in the visible region: the absorption
coefﬁcient is typically as high as 105 cm1, which is one or two
orders of magnitude higher than that of crystalline silicon. In other
words, polymer solar cells with the active layer as thin as 100 nm
can absorb more than 80% of the incident photons assuming 100%
reﬂection at the metal electrode. Because of such inherent advan-
tages of high absorption coefﬁcient, lightweight, and ﬂexible,
polymer solar cells are expected to provide new applications such
as portable power source. Furthermore, they have a potential to be
a major renewable energy source because of their suitability for
high-throughput and large-area production based on the printing
and coating techniques compared to wafer-based production
techniques [5e7].: þ81 75 383 2617.
. Ito).
BY-NC-ND license .There is a crucial difference in the charge carrier generation
between silicon-based and polymer-based solar cells. In silicon-
based solar cells, freely mobile charge carriers of hole and elec-
tron can be immediately generated upon photoexcitation, while in
polymer-based solar cells, electronehole pairs tightly bound by the
Coulomb attraction, called excitons, are generated ﬁrst. As a result,
the binding energy of excitons generated in organic solar cells is
typically much larger than kBTz 25 meV at room temperature and
therefore excitons cannot be dissociated into free carriers at room
temperature. Consequently, the formation yield of free carriers is
negligibly low in single-layered organic solar cells and hence the
power conversion efﬁciency (PCE) is also extremely low.
The ﬁrst breakthroughwas brought by pn-junction organic solar
cells, which are double-layered solar cells with p-type (donor) and
n-type (acceptor) organic semiconductors. At the heterojunction,
there are two energy gaps between the HOMO levels of the donor
and acceptor materials and between the LUMO levels of the donor
and acceptor materials. If the energy gap is large enough to break
the Coulomb binding of electronehole pairs (excitons), excitons can
be efﬁciently separated into electrons of the acceptor and holes of
the donor at the interface. In the case of excitons generated in the
donormaterial, for example, one electron excited to the LUMO level
can move to the more stable LUMO level of the acceptor material if
the LUMOeLUMO energy gap is large enough to overcome the
Coulomb binding. In 1986, Tang reported that the PCE of organic
solar cells is signiﬁcantly improved up tow1% by designing the pn-
junction device structure [8].
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for polymer-based solar cells until the second breakthrough. As
described above, excitons can be efﬁciently dissociated into free
carriers only at the heterojunction. On the other hand, the lifetime
of excitons is at most 1 ns and hence the exciton diffusion length is
as short as 10 nm in typical organic semiconductors, which is much
shorter than the typical absorption length of conjugated polymers
(a1 z 100 nm). As a result, only excitons generated near the
heterojunction can reach the interface before deactivating to the
ground state. In other words, even if the active layer is as thick as
100 nm to absorb the solar light sufﬁciently, only a small region
limited to 10 nm from the heterojunction can contribute to the
charge separation but the other 90% region far from the hetero-
junction cannot. Therefore, it is necessary to increase not only the
thickness of the active layer but also the interfacial area in order to
improve both the light-harvesting efﬁciency and the charge
generation efﬁciency. The second breakthrough satisﬁes the two
requirements simultaneously. In 1991, Hiramoto et al. demon-
strated ﬁrst that the incorporation of a p/n mixing interlayer (i
layer) into the pn-junction can enhance the charge generation
efﬁciency in organic solar cells fabricated by vacuum deposition of
small molecules [9]. The key to the success is intermixing of donor
and acceptor materials to enlarge the pn-junction area, which
results in the higher charge generation efﬁciency even in a thick
layer. Four years later in 1995, this concept was successfully applied
to polymer-based solar cells. Halls et al. reported polymer solar
cells based on a blend of an electron-donating conjugated polymer
and an electron-accepting conjugated polymer [10]. In the same
year, Yu et al. reported polymer solar cells based on a blend of an
electron-donating conjugated polymer and an electron-accepting
fullerene derivative, independently [11]. They named such blend
structures in polymer solar cells “bulk heterojunction”. Since then,
as shown in Fig. 1, the PCE of organic solar cells has steadily
increased every year because of optimization of blend morphology,
syntheses of new materials, and developments of new device
structures. In 2010, a PCE of 8.3% has been reported for tandem
organic solar cells fabricated by vacuum deposition of small
molecules and for single-layered polymer solar cells fabricated by
spin-coating [12].
As mentioned above, new materials and new device structures
have played important roles in improving the device efﬁciency so
far. In most cases, design rules for novel materials are primarily
based on macroscopic properties such as JeV characteristics.
However, the JeV characteristics are the results including photon
absorption, exciton generation, exciton migration, charge separa-
tion, charge recombination, charge dissociation, charge transport,
and charge collection. Therefore, the problem causing a poor device
performance cannot be speciﬁed only from the JeV characteristics.
The underlying fundamental processes need to be elucidated to1990 2000 2010
0
5
10
Year
PC
E 
/ %
Fig. 1. Recent progress in the device performance of organic thin-ﬁlm solar cells: open
circles, small molecule-based organic solar cells and closed circles, polymer-based
solar cells (orange: PPV-based solar cells, purple: P3HT-based solar cells, red: low-
bandgap polymer-based solar cells).design newmaterials and develop new device structures rationally
and effectively. Transient absorption spectroscopy is a powerful
tool for observing such underlying processes in photovoltaic
devices directly. It is necessary to observe over nine orders of
magnitude on a temporal scale from w1014 s for ultrafast charge
separation to w105 s for charge collection to the electrode. Each
transient species such as exciton, polaron pair, free polaron, and
trapped polaron needs to be distinguished and their dynamics
analyzed separately. Our recent studies [13e16] have demonstrated
that transient absorption spectroscopy is a useful method for
clarifying the mechanism underlying polymer solar cells. This
review focuses on the photophysics of polymer-based solar cells
since excellent reviews have already been published on device
performance [17e53].
2. Polymer-based solar cells
First, we brieﬂy describe the basic mechanism of polymer-based
solar cells, the history up to recent progress, and the measurement
principle of transient absorption spectroscopy.
2.1. Mechanism underlying photovoltaic conversion
In polymer-based solar cells, an electron-transporting (acceptor)
material (n-type semiconductor) and a hole-transporting (donor)
material (p-type semiconductor) are generally employed to trans-
port the photogenerated electron and hole to the electrodes, which
is similar to silicon-based solar cells based on the pn-junction. Fig. 2
shows a schematic illustration of the most simple device structure
of polymer solar cells with a bilayer structure of the electron-
transporting and hole-transporting materials. In polymer solar
cells, as shown in the ﬁgure, the photon absorption ﬁrst produces
singlet excitons that are electronehole pairs tightly bound by the
Coulomb attraction (exciton generation). In contrast, the photon
absorption in silicon-based solar cells produces freely mobile
charge carriers directly. This is the most critical difference between
them. The difference results from the lower dielectric constant and
larger effective mass (lower charge carrier mobility) in organic
semiconductors than in inorganic semiconductors [54]. At room
temperature, a critical distance rC, at which one charge becomes
free from the Coulomb attraction to another opposite charge, would
be as long as 14e19 nm in organic materials with small dielectric
constants ( 3¼ 34) while it would be only 5 nm in crystalline
silicon with a dielectric constant of 11.9. Furthermore, excitons inFig. 2. Photovoltaic conversion processes in bilayered organic solar cells: 1) exciton
generation, 2) exciton diffusion, 3) charge transfer, 4) charge dissociation, and 5)
charge transport.
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Fig. 3. Conjugated polymers employed in polymer/polymer solar cells: a) MEH-PPV, b)
MDMO-PPV, c) CN-PPV, d) P3HT, e) POPT, f) PF1CVTP, g) F8TBT, h) P(NDI2OD-T2).
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charge transfer (CT) excitons while excitons in crystalline silicon
can be considered to beWannier excitons with a radiusmuch larger
than the lattice spacing [55].
Consequently, as mentioned before, excitons generated in
organic materials cannot be dissociated into free carriers at room
temperature, but can migrate randomly in ﬁlms (exciton diffusion);
some excitons can reach a donor/acceptor interface but others
cannot. The excitons at the donor/acceptor interface can be sepa-
rated into the electron on the acceptor material (radical anion) and
the hole on the donor material (radical cation or polaron) if the
energy gap at the interface is enough to break the Coulomb
attraction (charge separation). This electron and hole pair is often
called bound radical pairs at the interface to be distinguished from
tightly bound electronehole pairs of excitons in the bulk of the
material. The binding energy of the initially generated bound
radical pairs is still controversial issue. The other excitons that
cannot reach the interface just deactivate into the ground statewith
a lifetime of singlet excitons. Some bound radical pairs can be
dissociated into free carriers (charge dissociation) in competition
with the geminate recombination to the ground state or triplet
state (charge recombination). The dissociated free carriers are
transported to each electrode through charge hoppings (charge
transport) in an energetically disordered matrix, and a part of them
escaping from the bimolecular recombination are collected to the
electrode (charge collection). As a result of the series of funda-
mental processes, the photocurrent is generated ﬁnally. Recent
studies have shown that the charge separation is promptly
completed in the order of w1014 s [56], followed by the charge
dissociation and the charge recombination on the order of
1012e109 s [15]. It takes 106e105 s for charge carriers to be
collected to the electrode [57]. The device performance of JeV
characteristics is just the ﬁnal result of the series of fundamental
processes ranging from 1014 to 105 s (nine orders of magnitude
on a temporal scale). In this review, we describe a useful method for
observing such rapid photovoltaic conversion processes by using
transient absorption spectroscopy and discuss the ﬁndings
obtained from the kinetics analysis.
2.2. Brief history of polymer-based solar cells
Much research has been made on the device structures
[18,19,34,43,58e73] and fabrication techniques [6,7,74e93]. Here
we mainly focus on the development of new materials.
2.2.1. Polymer/polymer solar cells
Polymer solar cells based on polymer/polymer blends have the
advantage of being conjugated polymers with a high absorption
coefﬁcient. In polymer/fullerene solar cells, as will be described in
the next section, conjugated polymers mainly serve as a light-
harvesting material, because fullerenes and its derivatives typi-
cally have a low absorption coefﬁcient in the visible region because
of the high symmetry [94]. On the other hand, polymer/polymer
solar cells can absorb the solar light efﬁciently because both donor
and acceptor materials have high absorption coefﬁcients. In other
words, even thin-ﬁlm devices can collect the solar light effectively:
the active layer is typically as thin as w70 nm. Various electron-
transporting (acceptor) conjugated polymers have been devel-
oped so far as an alternative to fullerene derivatives, but most of
them had lower carrier mobility than fullerene derivatives.
Acceptor polymers with high electron afﬁnity are typically unstable
compared to fullerene derivatives. Moreover, phase-separated
structures are typically larger in polymer/polymer solar cells than
in polymer/fullerene solar cells, resulting in lower charge genera-
tion efﬁciency because most of the excitons cannot reach theinterface. Consequently, the device performance of polymer/poly-
mer solar cells still remains far below that of polymer/fullerene
solar cells. Gradual improvement has been made since the pio-
neering work of polymer/polymer solar cells in 1995 [10], and the
device performance is recently w2%. Fig. 3 shows conjugated
polymers employed in polymer/polymer solar cells.
In 2006, Koetse et al. reported polymer/polymer solar cells
based on a blend of poly[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-
phenylenevinylene] (MDMO-PPV) and poly{9,9-dioctylﬂuorene-
2,7-diyl-alt-1,4-bis[2-(5-thienyl)-1-cyanovinyl]-2-methoxy-5-(3,7-
dimethyl-octyloxy)benzene} (PF1CVTP) [95]. A PCE of 1.5% was
obtained for thedevicepreparedwithanadditional thin layer (w5nm)
of the acceptor material between the photoactive blend layer and the
electron collecting electrode. In 2007, McNeill et al. reported a PCE
of 1.8% for polymer/polymer solar cells based on a blend of poly(3-
hexylthiophene) (P3HT) and poly{9,9-dioctylﬂuorene-2,7-diyl-
alt-[4,7-bis(3-hexylthien-5-yl)-2,1,3-benzothiadiazole]-20,200-diyl}
(F8TBT) [96]. Interestingly, F8TBT has ambipolar nature and therefore
serves as an electrondonormaterial in F8TBT:PCBMsolar cells,which
exhibit a PCE of 1.25%. In 2009, Fréchet et al. reported a PCE of 2.0%
for polymer/polymer solar cells based on a bilayer of poly[3-(4-n-
octyl)-phenylthiophene] (POPT) and poly[2-methoxy-5-(20-ethyl-
hexyloxy)-1,4-(1-cyanovinylene)phenylene] (CN-PPV) [97]. They
synthesized POPT with a modiﬁed Grignard metathesis (GRIM)
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CN-PPV can be spin-coated directly on top of a GRIM POPT ﬁlm using
solvents such as tetrahydrofuran or ethyl acetate to give bilayered
POPT/CN-PPV devices. In recent years, novel acceptor polymers have
been synthesized [98].Ofparticular interest is the electronmobilityof
P(NDI2OD-T2), up to 0.45e0.85 cm2 V1 s1, with remarkable
stability in anambient condition althoughP3HT:P(NDI2OD-T2) blend
solar cells exhibit a PCE of only 0.2% at this moment [99]. Such new
materials will lead to further improvements in polymer/polymer
solar cells.
Donoreacceptor block copolymers, as shown in Fig. 4, are
a challenging subject for photovoltaic applications because block
copolymers self-assemble into well-ordered microphase-separated
structures including cylindrical, lamellar or gyroidal phases, which
can be tuned in size and shape by controlling the molecular weighta
b
d
Fig. 4. Donoreacceptor diblock copolymers for polymer solar cand the length of the individual blocks. In 2000, Hadziioannou et al.
reported donoreacceptor diblock polymers aiming to enhancing
the photovoltaic efﬁciency [100]. They synthesized diblock copol-
ymers using an end-functionalized rigid-rod block of poly(2,5-
dioctyloxy-1,4-phenylenevinylene) as a macroinitiator for the
nitroxide-mediated controlled radical polymerization of a ﬂexible
poly(styrene-stat-chloromethylstyrene) block. The latter block was
functionalized with C60 through atom transfer radical addition.
Because of the strong interaction between the fullerenes, cross-
linking is likely to increase at higher C60 loading resulting in less
soluble products. In 2007, Thelakkat et al. reported donoreacceptor
diblock copolymers consisting of substituted triphenylamines or
tetraphenylbenzidines as the donor unit with an acrylate backbone
attached with perylene diimide as the acceptor unit [101]. All
diblock copolymers have microphase-separated domains in thec
ells: a) Ref. [100], b) Ref. [101], c) Ref. [102], d) Ref. [103].
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devices based on diblock copolymers give a PCE ofw0.3%. In 2009,
Russell et al. reported a PCE of 0.49% for a polymer solar cell based
on a donoreacceptor diblock copolymer consisting of regioregular
poly(3-hexylthiophene) and poly(perylene diimide acrylate) after
thermal annealing at 150 C for 20 min [102]. In 2010, Tajima et al.
demonstrated a PCE of 1.70%, obtained by using fullerene-attached
all-semiconducting diblock copolymers [103]. As mentioned above,
most of the donoreacceptor diblock copolymers reported so far
consist of a conjugated donor polymer and a non-conjugated
backbone attached with acceptor units in the side chain. In
other words, the non-conjugated backbone is inactive neither
optically nor electronically resulting in poor optoelectronic prop-
erties. To overcome such a drawback, they developed poly(3-
alkylthiophene)-based diblock copolymers, which consisted of
a poly(3-hexylthiophene) block and a poly(3-alkylthiophene) block
with a fullerene in a part of the side chain. Owing to the low
polydispersity index (<1.1), the block copolymer ﬁlm exhibits
microphase separation patterns ofw20 nm. The relatively high ﬁll
factor (FF) is noteworthy, suggesting efﬁcient charge transport in
the microphase-separated networks.
2.2.2. Polymer/fullerene solar cells
The device performance of polymer solar cells based on poly-
mer/fullerene blends has been improved steadily in the past
decade. Fig. 5 shows representative conjugated polymers and
fullerene derivatives employed in polymer/fullerene solar cells.
Since the discovery of efﬁcient electron transfer in blend ﬁlms of
conjugated polymer with fullerene, polymer/fullerene blend
systems have attracted increasing interest in application to organic
photovoltaics [104,105]. In 1995, consequently, Yu et al. reported
the pioneering work of polymer/fullerene solar cells based ona b
c d
e f g
Fig. 5. Conjugated polymers employed in polymer/fullerene solar cells: a) MEH-PPV,
b) MDMO-PPV, c) RR-P3HT, d) RRa-P3HT, e) C60, f) PCBM, g) [70]PCBM.MDMO-PPV and methano[60]fullerene [6,6]-phenyl C61 butyric
acid methyl ester (PCBM) [11]. For a while, PCE remained atw1%. In
2001, PCE was boosted to 2.5% by Brabec et al. [106]. This report
triggered an explosion of research and development of polymer
solar cells in academic and industrial ﬁelds. They reported that
MDMO-PPV:PCBM solar cells can be drastically improved in the
device performance by using chlorobenzene as a cast solvent
instead of toluene employed so far. Later, TEM studies of MDMO-
PPV:PCBM blends revealed that phase-separated structures less
than 100 nm can be obtained from chlorobenzene while large
phase-separated domains (>500 nm) are observed from toluene
[107,108]. This is the ﬁrst polymer solar cell comprehensively
studied in terms of the performanceemorphology relationship. By
replacing PCBM with methano[70]fullerene [6,6]-phenyl C71
butyric acid methyl ester ([70]PCBM), the PCE of MDMO-PPV:[70]
PCBM solar cells was improved to 3.0% because of the large
absorption of [70]PCBM in visible region due to less symmetrical
structure [109].
Following MDMO-PPV, regioregular P3HT (RR-P3HT) has been
studied thoroughly as a donor material in polymer/fullerene solar
cells. Of particular note is the good balance between solubility and
optoelectronic properties [110e113], while most conjugate poly-
mers generally have faced a trade-off between them. In contrast to
conventional conjugated polymers, RR-P3HT is likely to be crys-
talline in solid ﬁlms even with high solubility to various organic
solvents because eachmonomer unit attachedwith a hexyl group is
regularly connected with a head-to-tail linkage. Owing to the
crystallization, the RR-P3HT ﬁlm exhibits red-shifted absorption
bands and improved hole mobility compared to RR-P3HT solution
or regiorandom P3HT (RRa-P3HT), which are beneﬁcial for solar
cells. Consequently, RR-P3HT:PCBM solar cells have been reported
to be strongly dependent on the fabrication conditions. In partic-
ular, the device performance is signiﬁcantly improved by control-
ling thermal annealing of the ﬁlm [114] or evaporation speed of
solvent during the ﬁlm formation [115] to induce the crystallization
of RR-P3HT. The thermal annealing of RR-P3HT:PCBM blends at
100e150 C in the inert atmosphere has been reported to induce
crystallization of RR-P3HT and formation of PCBM clusters, result-
ing in a balanced bicontinuous blend morphology. On the other
hand, a similar bicontinuous blend structure is obtained when the
ﬁlm forms slowly under the vapor of high boiling solvents, which is
called “solvent annealing”. Under both annealing conditions, RR-
P3HT:PCBM solar cells exhibit a reproducible PCE approaching to
5% and excellent external quantum efﬁciency (EQE) up to >80%
[115e119]. Such bicontinuous networks in the blends have been
directly revealed by recent TEM and 3D tomography studies
[120e123].
2.3. Recent progress
For further improvement in the device performance, it is
necessary to increase the short-circuit current density (JSC) and the
open-circuit voltage (VOC). In the following section, we will brieﬂy
overview recent progress in polymer solar cells in terms of JSC and
VOC.
2.3.1. Short-circuit current
For a further increase in JSC, more photons must be absorbed by
the active blend layer. As mentioned above, P3HT:PCBM solar cells
exhibit a PCE ofw5% and high EQE up to>80%, making it difﬁcult to
improve JSC by these two materials alone. Although the absorption
band of RR-P3HT extends to 650 nm, it can absorb only a quarter of
the total photons in the solar light: the number of photons in the
solar light has a peak at around 700 nm in the near-IR region and
extends to the mid-IR region. For further improvement in JSC, it is
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bandgap polymers have been developed in recent years [30,35,49].
Most low-bandgap polymers have electron donor and acceptor
units arranged alternatively in the main chain as shown in
Fig. 6aec, because such alternate linkage of donor and acceptor
units induces an intramolecular CT interaction resulting in the
reduction in the HOMOeLUMO gap as shown in Fig. 7. For example,
a PCE of 5.5% has been reported for polymer/fullerene solar cells
based on a low-bandgap polymer (PCPDTBT), as shown in the
ﬁgure, which consists of a cyclopentadithiophene donor unit and
a benzothiazole acceptor unit, blended with [70]PCBM [124]. The
blend morphology was optimized not by thermal annealing but by
an additive of 1,8-diiodeoctone (DIO). It is noteworthy that JSC in the
optimized cell exceeds 16 mA cm2 under simulated 100 mW cm2
AM1.5G illumination in spite of a modest EQE of w50%. This
suggests that JSC could exceed 25 mA cm2 if the EQE were
improved up tow80%.a
d
e
g
Fig. 6. Low-bandgap conjugated polymers and near-IR dye molecules employed in polymer
TNP.Only recently, dye sensitization has been also reported as
another approach to improving the light-harvesting efﬁciency by
several groups including ours [125e127]. Near-IR dye molecules as
shown in Fig. 6deg are simply blended in the dye-sensitized
polymer solar cells as the third material to expand the light-
harvesting spectral range to longer wavelengths that cannot be
absorbed by the original donor and acceptor materials. This is
a simple and versatile method and therefore applicable to various
dye molecules. We recently demonstrated successful application of
this method to multi-colored sensitization with two dye molecules
having complementary spectral absorption bands in the near-IR
region: silicon phthalocyanine bis(trihexylsilyloxide) (SiPc) and
silicon naphthalocyanine bis(trihexylsilyloxide) (SiNc) [128]. The
photocurrent increased fromw9 tow10 mA cm2 in ternary blend
solar cells based on P3HT:PCBM:SiPc or P3HT:PCBM:SiNc, and
further increased to w11 mA cm2 in quaternary blend solar cells
based on P3HT:PCBM:SiPc:SiNc. In other words, the increase in JSCb c
f
/fullerene solar cells: a) PCPDTBT, b) PSBTBT, c) PTB1, d) SMD1, e) SiPc, f) SiNc, g) BTD-
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Fig. 8. Fullerene derivatives with high LUMO levels to give VOC larger than that of
PCBM: a) bisPCBM, b) trisPCBM, c) ICBA, d) [70]ICBA, e) Lu3N@[80]PCBH, f) PCBNHCS.
Fig. 7. Energy diagram of low-bandgap polymers with alternating donoreacceptor
units. The right structure shows a representative low-bandgap polymer of PCPDTBT
where cyclopentadithiophene and benzothiazole units are donor and acceptor units,
respectively. The orbital mixing of the donor and acceptor units results in the intra-
molecular CT state and hence the bandgap is reduced.
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the individual ternary blend solar cells, suggesting that both dyes
equally contribute to the photocurrent generation without unfa-
vorable aggregation. This is an amazing result because dye mole-
cules should be located at the interface to generate the
photocurrent efﬁciently even though quaternary blend ﬁlms are
simply fabricated by spin-coating from a blend solution of four
materials. This ﬁnding suggests that dye molecules can be selec-
tively located at the interface of polymer/fullerene solar cells by
appropriate selection of materials even by spin-coating, which does
not seem to be suitable for controlling the inner structure in the
active layer.
2.3.2. Open-circuit voltage
Recent systematic studies with various conjugated polymers
and fullerene derivatives have experimentally shown that VOC is
proportional to the energy gap between the LUMO level of fullerene
derivatives [129] and the HOMO level of conjugated polymers
[130]. In other words, there are two synthetic strategies to increase
VOC in polymer solar cells. One is to synthesize fullerene derivatives
with a smaller electron afﬁnity (higher LUMO level). The other is to
synthesize conjugated polymers with a larger ionization potential
(lower HOMO level).
As shown in Fig. 8, fullerene multiadducts have been reported to
improve VOC of polymer solar cells. A C60 fullerene monoadduct
(PCBM) exhibits a higher LUMO level than pristine C60 fullerene
because of the saturation of the double bonds of the fullerene cage
[131]. This suggests that bisadduct analogue of PCBM (bisPCBM)
would have a higher LUMO level than PCBM. Indeed, Blom et al.
have demonstrated that P3HT:bisPCBM solar cells exhibit a higher
VOC by 0.1 V than P3HT:PCBM solar cells [132]. The increase in VOC
by 0.1 V is in good agreement with the 0.1 eV increase in the LUMO
level. Interestingly, bisPCBM highly puriﬁed to remove fullerene
monoadducts (PCBM) and trisadducts, still consists of a number of
regioisomers. Nonetheless, the electron mobility of bisPCBM ﬁlms
is slightly lower but still comparable to that of PCBM ﬁlms.
Consequently, JSC of P3HT:bisPCBM solar cells is almost the same as
that of P3HT:PCBM solar cells and hence PCE is improved by a factor
of 1.2 from 3.8 to 4.5%. This ﬁnding suggests that the additional
disorder introduced by the mixture of such isomers does not have
any negative impact on the device performance. Subsequently, they
extended this concept to higher adducts of fullerenes [133]. A series
of bisadduct analogues of PCBM and [70]PCBM show similar device
performance although there are large differences in the electron
transport. Unfortunately, however, the trisadduct analogue of
PCBM degrades PCE signiﬁcantly despite leading to a high VOC of0.813 V. A recent quantum chemical calculation has shown that
standard deviation in the LUMO level of trisPCBM is much larger
than that of bisPCBM because of the presence of two isomers with
higher LUMO levels [134]. On the other hand, new fullerene
bisadducts have been recently reported to improve VOC of polymer
solar cells. Li et al. synthesized a new soluble C60 derivative, indene-
C60 bisadduct (ICBA), with a LUMO level 0.17 eV higher than that of
PCBM [135]. Consequently, P3HT:ICBA solar cells shows a higher
VOC of 0.84 V and a higher PCE of 5.44% than P3HT:PCBM bench-
mark solar cells. Later, they synthesized indene-C70 bisadduct ([70]
ICBA) with a high product yield of 58% and demonstrated a similar
improvement in VOC and hence in PCE [136].
Even with monoadduct fullerenes, VOC has been improved by
raising the LUMO level. Drees et al. synthesized trimetallic nitride
endohedral C80 fullerenes (Lu3N@C80) with higher LUMO levels
compared to PCBM [137]. Among them, P3HT:Lu3N@[80]PCBH
solar cells exhibit similar JSC (8.64 mA cm2), higher VOC (0.81 V
improved by 0.18 V), and hence improved PCE (4.2%) compared to
P3HT:PCBM benchmark solar cells. On the other hand, Mikroyan-
nidis and Sharma et al. more recently reported that a simple
modiﬁcation of PCBM [138], where the ester methyl group of PCBM
is replaced by a large 4-nitro-40-hydroxy-a-cyanostilbene (NHCS),
can raise the LUMO level and hence improve VOC effectively. The
mechanism for the increase in the LUMO level is not clear but may
be due to the electronic interaction between NHCS and the
fullerene cage. It should be noted that this approach can be readily
applied to all fullerene derivatives with the ester structure such as
PCBM, [70]PCBM, and bisPCBM.
As shown in Fig. 9, various conjugated polymers with large ioni-
zation potentials have been developed to improve VOC of polymer
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Fig. 9. Conjugated donor polymers with low HOMO levels to give VOC larger than that
of P3HT: a) PCDTBT, b) NP-7, c) APFO-15, d) PBDTTPD.
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poly(2,7-carbazole) derivatives on the basis of theoretical calcula-
tions [139]. Most of them have an ionization potential larger
than P3HT and hence exhibit larger VOC for solar cells blended with
PCBM. Later, poly[N-900-heptadecanyl-2,7-carbazole-alt-5,5-(40,70-di-
2-thienyl-20,10,30-benzothiazole)] (PCDTBT) blended with [70]PCBM
was reported to give a PCE of 6.1% with JSC ¼ 10.6 mA cm2 and
VOC ¼ 0.88 V [140]. The photocurrent is comparable to that of the
P3HT:PCBM benchmark solar cells because of the similar bandgap
but VOC is much larger because of the larger ionization potential.
Interestingly, the internal quantum efﬁciency is close to 100%, sug-
gesting that all the generated excitons can contribute to the photo-
current generation. Kitazawa et al. reported that another copolymer
of ﬂuorene and quinoxaline units (N-P7) blendedwith [70]PCBM canimprove VOC because of the ionization potential larger than P3HT
[141]. Interestingly, the chemical structure and the optical and
electrochemical properties of NP-7 are similar to those of poly[2,7-
(9,9-dioctylﬂuorene)-alt-5,5-(50,80,-di-2-thienyl-(20,30-bis-(300-octyl-
phenyl)-quinoxaline))] (APFO-15). However, they differ signiﬁcantly
in device performance. This difference is attributed to the difference
in blend morphology due to the two substituents attached to the
quinoxaline unit in APFO-15. This study emphasizes again that it is
important not only to design HOMO and LUMO levels but also to
control blend morphology appropriately. Leclerc et al. synthesized
another copolymer (PBDTTPD) based on electron-donating benzo-
dithiophene (DBT) and electron-withdrawing thieno[3,4-c]pyrrole-
4,6-dione (TPD) units. The strong electron-withdrawing effect of
TPD unit results in low HOMO and LUMO levels, which is beneﬁcial
for the increase in VOC. The PBDTTPD:[70]PCBM solar cells exhibited
a PCE of 5.5% with JSC ¼ 9.81 mA cm2, VOC ¼ 0.85 V, and FF ¼ 0.66
[142]. Independently, Fréchet et al. reported the correlation between
different alkyl substituents in TPD-based polymers and device
performance [143]. After optimizing the blend morphology of
PBDTTPD:PCBM with an additive of DIO, they obtained a PCE of
6.6%with JSC¼ 11.5mAcm2,VOC¼ 0.85V, and FF¼ 0.68. The grazing
incidence X-ray scattering suggests that most of the polymer back-
bones are oriented parallel to the substrates, which is beneﬁcial
for charge transport in the device.
2.3.3. Toward 10% efﬁciency
Naturally, the next target is lowering HOMO and LUMO levels
of donor polymers simultaneously in order to obtain higher JSC
and VOC at the same time. Lu et al. developed a new low-bandgap
polymer with fused heteroaromatic rings in the main chain
(PTB1) [144]. They demonstrated PTB1:[70]PCBM solar cells
exhibiting a PCE of 5.6% with a high JSC of w15 mA cm2 and
a modest VOC of 0.56 V. Subsequently, they substituted alkoxy side
chains with the less electron-donating alkyl chains or introduced
electron-withdrawing ﬂuorine into the polymer backbone to
reduce the HOMO level of polymers [145]. Fortunately, both HOMO
and LUMO levels of ﬂuorinated PTB4 are lower than those of PTB1,
the original polymer. As a result, polymer solar cells based on PTB4
and PCBM exhibit a PCE ofw6%with a high JSC ofw13mA cm2 and
a high VOC of 0.74 V. Since 2009, several groups have reported PCEs
over 7% in succession. Hou et al. controlled the HOMO level of poly
[4,8-bis-substituted-benzo[1,2-b:4,5-b0]dithiophene-2,6-diyl-alt-
4-substituted-thieno[3,4-b]thiophene-2,6-diyl] (PBDTTT)-derived
polymers by adding different electron-withdrawing groups [146].
As a result, ﬂuorinated PBDTTT-CF:[70]PCBM solar cells exhibit the
best PCE of 7.73% with a high JSC of 15.2 mA cm2 and a high VOC of
0.76 V. Note that a PCE of 6.77% is certiﬁed for the same cell by the
National Renewable Energy Laboratory (NREL). Li et al. reported
a PCE of 7.4% for PTB7:[70]PCBM solar cells fabricated by using
mixed solvent in preparing ﬁlms to control the blend morphology
[147]. As shown in Fig. 10, these low-bandgap polymers have
similar backbones with slightly different substituents, suggesting
that the design of the main chain has critical impact on the device
performance and the design of the subsituents is also important in
tuning the optoelectronic properties and the blendmorphology. On
the solar cell efﬁciency tables (version 37) published at the end of
2010 [12], a PCE of 8.3% certiﬁed by NREL is listed as an outstanding
result of polymer solar cells achieved by Konarka. Note that a PCE of
8.3% is also on the same list, which was achieved by Heliatek with
a two-cell tandem device based on small molecules.
3. Transient absorption spectroscopy
Transient absorption spectroscopy is the most useful method for
observing non-emissive transient charge carriers generated upon
a b
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Fig. 10. Low-bandgap polymers with low HOMO levels to give both JSC and VOC larger
than that of P3HT: a) PTB4, b) PTB7, c) PBDTTT-C, d) PBDTTT-CF.
H. Ohkita, S. Ito / Polymer 52 (2011) 4397e4417 4405photoexcitation. However, it is difﬁcult to measure the absorption
of thin ﬁlms such as polymer solar cells where the active layer is
typically as thin as 100 nm (¼ 105 cm), because the measuring
absorbance is proportional to the optical path length. For such
a thin ﬁlm, it is necessary to detect extremely small changes in the
optical probe signal separately from various noises. For example,
the absorbance would be as small as 105 in the case of a molar
absorption coefﬁcient of 104 M1 cm1, which is a typical value for
organic dye molecules, a molar concentration of 0.1 mM, and an
optical path length of 105 cm. The absorbance change of 105
corresponds to the intensity change in the probe light ofw20ppm.
Fig. 11 shows a block diagram of the highly sensitive micro-
second transient absorption spectroscope [13]. In this system,
a tungsten lamp is employed as a probe light source and the power
source is stabilized to reduce ﬂuctuation of the probe intensity.
Furthermore, two monochromators and appropriate optical cut-off
ﬁlters are placed before and after the sample to reduce unnecessary
scattering light, stray light, and emission from the sample. A dye
laser pumped by a nitrogen laser is employed as an excitation lightFig. 11. Block diagram of highly sensitive microsecond transient absorption
measurement system: MC monochromator, S sample, PC computer, and PD PIN
photodiode to detect a part of a pump laser pulse as a trigger signal, which is sent to
the digital oscilloscope. The detector is replaceable: Si PIN photodiode for the visible
wavelength range and InGaAs PIN photodiode for the near-IR wavelength range. The
black and gray lines represent electric signals and optical probe and pump light,
respectively.source, because the excitation wavelength can be tuned to the
optimum wavelength depending on thin-ﬁlm samples. The probe
light passing through the sample is detectedwith a PIN photodiode.
The signal from the photodiode is pre-ampliﬁed and sent to the
main ampliﬁcation system with electronic band-pass ﬁlters to
improve the signal to noise ratio. The ampliﬁed signal is collected
with a digital oscilloscope, which is synchronized with a trigger
signal of the laser pulse from a photodiode. Owing to the ampliﬁ-
cation and noise reduction system, the detectable absorbance
change is as small as 105 to 106 depending on themeasuring time
domain after appropriate accumulation.
The pump and probe method is widely employed to detect
ultrafast phenomena on a time scale of <1 ns. In this method,
ultrashort laser pulses are employed as the pump light for the
sample excitation and the probe light for the transmittance
measurement. Transient absorption at various delay times can be
measured by controlling the arrival time of each laser pulse at the
sample. Fig. 12 shows a block diagram of a typical pump and
probe spectroscope we employ [13e16]. The arrival time of each
laser pulse can be varied with an optical delay line. In other
words, the probe light is delayed relative to the pump light
because of the additional path length in the optical delay line. For
example, when the optical delay line is set at 3 mm, the probe
light is delayed by 10 ps relative to the pump light. In this case,
we can detect the transmittance 10 ps after the laser excitation.
By changing the delay line to 3, 6, and 9 mm, we can trace the
temporal change in the transmittance at 10, 20, and 30 ps. The
detectable absorbance change is typically as small asw104 after
appropriate accumulation.
4. Charge carriers in MDMO-PPV:PCBM
This section describes the assignment of charge carriers in
polymer solar cells. Conjugated polymers with a low ionization
potential serve as an electron donor and a hole-transporting
material and fullerene derivatives with a high electron afﬁnity
such as PCBM serve as an electron acceptor and an electron-
transporting material in polymer solar cells. This mechanism is
rational in terms of thermodynamics and therefore has beenwidely
accepted as a general scheme in polymer solar cells. However,
recent studies [148,149] have shown charge transport properties
seemingly contradictory to the general scheme: not only electron
but also hole mobility increases as the concentration of electron-
transporting PCBM is increased in MDMO-PPV:PCBM blends. The
charge carriers in MDMO-PPV:PCBM blends are assigned by
directly observing the transient species generated in the ﬁlm by
transient absorption spectroscopy. As a result, we found that PCBM
serves not only as an electron-transporting material but also as
a hole-transporting material even in MDMO-PPV:PCBM blend ﬁlmsFig. 12. Block diagram of pump and probe femtosecond transient absorption
measurement system: SHG second harmonic generator, ODL optical delay line, C
chopper, WLG white light generator, S sample, D detector. The detector is replaceable:
a linear CCD array for the visible wavelength range and a digital line scan InGaAs
camera for near-IR wavelength range.
Fig. 14. Molar absorption coefﬁcient spectra of MDMO-PPV hole polaron (solid line),
PCBM anion (broken line), and PCBM cation (dashedotted line).
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fundamental processes directly by transient absorption
spectroscopy.
4.1. Assignment of charge carriers
In order to assign charge carriers, we need to measure the
absorption spectrum and to quantitatively evaluate the molar
absorption coefﬁcient of each carrier separately. Various combi-
nations of electron donor and acceptor materials are employed to
assign theMDMO-PPV hole polaron, PCBM anion, and PCBM cation.
Here, tetramethyl-p-phenylenediamine (TMPD) and tetracyano-
ethylene (TCNE) serve as the electron donor and acceptor, respec-
tively. Fig. 13 shows an example of the quantitative evaluation of
the absorption spectrum and the molar absorption coefﬁcient of
the PCBM anion. Two absorption bands are observed at 570 and
1020 nm upon laser excitation of a polystyrene ﬁlm doped with
TMPD and PCBM. The absorption band at 570 nm is in good
agreement with that reported for the oxidation product of TMPD
called Wurster’s Blue [150], and is therefore safely assigned to the
TMPD radical cation. The absorption band at 1020 nm is assigned to
the PCBM radical anion because various radical anions of fullerene
derivatives have a characteristic absorption band at around
1000 nm: a C60 radical anion (1080 nm), a methanofullerene radical
anion (1040 nm), and a fulleropyrrolidine radical anion (1010 nm)
[151]. As shown in the inset to the ﬁgure, both bands exhibit the
same decay dynamics on a longer time scale (>10 ps), indicating
the bimolecular recombination of the TMPD radical cation and
PCBM radical anion without other decay pathways: no other tran-
sient species such as singlet and triplet excitons contribute to the
transient absorption spectra. Therefore, the molar absorption
coefﬁcient of the PCBM radical anion can be evaluated from the
transient absorption spectrum at 10 ps. On the basis of the molar
absorption coefﬁcient of the TMPD radical cation
( 3¼ 12000 M1 cm1) [150,152], that of the PCBM radical anion is
evaluated to be 3¼ 6000M1 cm1 at 1020 nm. Similarly, the molar
absorption coefﬁcient is evaluated to be 3¼ 9000 M1 cm1 at
890 nm for PCBM radical cation and 3¼ 15000M1 cm1 at 950 nm
for MDMO-PPV hole polaron. Fig. 14 summarizes the absorption
spectra of MDMO-PPV hole polaron and PCBM anion and cation:
the MDMO-PPV hole polaron has a broad absorption at w950 nm
and the PCBM radical anion and cation have a distinct absorption at
1020 and 890 nm, respectively. It is important to analyze the
spectrum and the dynamics carefully to conﬁrm that there is no
contribution of other species.Fig. 13. Transient absorption spectra of a polystyrene ﬁlm doped with TMPD (20 wt%)
and PCBM (30 wt%) at 1, 2, and 10 ps after the laser excitation at 400 nm. The inset
shows the transient decays at 600 nm (solid line) and 1050 nm (broken line). Repro-
duced with permission from [13]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.4.2. Fullerene cation
Fig. 15 shows the transient absorption spectra of MDMO-
PPV:PCBM blend ﬁlms with various concentrations of PCBM
ranging from 5 to 80 wt%. The blend ﬁlms with PCBM at a low
concentration (<10wt%) exhibit broadabsorptionbands from900 to
1000 nm. On the other hand, a new absorption band is dominantly
observed at w900 nm at higher PCBM concentrations (>30 wt%).
This spectral change suggests that another charge carrier is newly
formed in the blend ﬁlms with PCBM at higher concentrations. On
the basis of the absorption spectra in Fig. 14, the transient spectra
observed for blend ﬁlms with 5 wt% PCBM can be assigned to the
formation of the MDMO-PPV hole polaron and PCBM radical anion.
As shown in Fig.16, the transient spectra are well reproduced by the
sum of the spectrum of theMDMO-PPV hole polaron and that of the
PCBMradical anion. Therefore,we conclude that anMDMO-PPVhole
polaron and a PCBM radical anion are formed as charge carriers in
the blend ﬁlms with PCBM at a low concentration (<10 wt%). In
contrast, the transient spectra observed for blendﬁlmswith PCBMat
higher concentrations (>30 wt%) cannot be reproduced by the sumc
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Fig. 15. Transient absorption spectra of MDMO-PPV:PCBM blend ﬁlms at 1 ms after the
laser excitation at 500 nm. The PCBM concentration is as follows: a) 5, b) 10, c) 30, d)
50, e) 68, f) 80 wt%. Reproduced with permission from [13]. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA.
ab
Fig. 16. Spectral simulation of transient absorption spectra of MDMO-PPV:PCBM blend
ﬁlms (open circles) at 1 ms after the laser excitation at 500 nm by a sum (solid lines) of
each absorption spectrum of charge carriers: MDMO-PPV hole polaron (dotted lines),
PCBM anion (broken lines), and PCBM cation (dashedotted lines). The PCBM
concentration is as follows: a) 5, b) 10, c) 30, d) 50, e) 68, f) 80 wt%. Reproduced with
permission from [13]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
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Fig. 17. a) Transient absorption spectra of RRa-P3HTﬁlms excited at 400nmmeasured at
0,1,10,100, and 3000 ps from top to bottom. The broken line represents the ﬂuorescence
spectrum of the RRa-P3HT ﬁlm. b) Transient absorption spectra of RRa-P3HT ﬁlms
excited at 450 nmmeasured at 0.5, 2, 4, 6, and 10 ms from top to bottom. The inset shows
transient absorption decay at 850 nm under Ar and O2 atmosphere. The broken white
lines represent ﬁtting curves with a monoexponential function: DOD f exp(t/s). c)
Transient absorption spectra at 100 ps of RRa-P3HT ﬁlms monitored with a probe light
polarized in the direction parallel (solid line, DOD//) or perpendicular (broken line,
DODt) to the polarization direction of the excitation light at 400 nm. The anisotropy
spectrum (gray line) is calculated by r(t) ¼ (DOD//  DODt)/(DOD// þ 2DODt) [14].
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anion. As shown in Fig. 16, these spectra can be well reproduced by
the sumof each spectrumof theMDMO-PPVhole polaron and PCBM
radical anion but also PCBM radical cation. We therefore conclude
that the PCBM radical cation is formed as a new charge carrier at the
high PCBM concentrations. Furthermore, the ratio of the PCBM
radical cation to the total holes formed in the blend ﬁlms can be
quantitatively evaluated on the basis of each molar absorption
coefﬁcientobtained.NoPCBMradical cation is observedat lowPCBM
concentrations (<10wt%),which is indicative of the formationof the
MDMO-PPVhole polaron andPCBMradical anionpairs alone. On the
other hand, the percentage of the PCBM radical cation drastically
increases to 60e70% above 30wt% PCBM. In otherwords,most holes
formed in blend ﬁlms are located on PCBM molecules rather than
MDMO-PPV chains. This ﬁnding seems contradictory to the pre-
vailing view that MDMO-PPV serves as a hole-transporting material
and PCBM as an electron-transporting material in blend ﬁlms.
However, this is consistent with ambipolar transport reported for
fullerene derivatives including PCBM [149,153,154]. The ﬁeld-effect
hole mobility of PCBM is reported to be 8  103 cm2 V1 s1
[154], which is much higher than the hole mobility of pristine
MDMO-PPV (w107 cm2 V1 s1) but rather comparable to that of
MDMO-PPV:PCBM blend ﬁlms (w104 cm2 V1 s1) [148,149].
Furthermore, this ﬁnding provide a rational explanation for the
increase in hole mobility in MDMO-PPV/PCBM blend ﬁlms at higher
PCBM concentrations (>50 wt%) reported previously [149].
Possible mechanisms of the formation of the PCBM radical
cation in the blend include the following: i) direct or indirect
photoexcitation of intermolecular CT transitions of PCBM
pronounced at higher PCBM concentrations, resulting in the
formation of the PCBM radical cation and anion pairs at the PCBM
domain in the blend, and ii) hole transfer from MDMO-PPV to the
PCBM domain via interfacial CT states. A recent electrolumines-
cence study also demonstrated the hole transfer from MDMO-PPV
to PCBM in the blend ﬁlms [155]. Further studies are required to
resolve which mechanism is dominant. We have obtained spec-
troscopic evidence for ambipolar transport of PCBM in polymer:-
fullerene blend ﬁlms and propose a new strategy for designing bulk
heterojunction solar cells.5. Photovoltaic conversion in P3HT:PCBM
5.1. Photophysics in P3HT pristine ﬁlms
In this section, we start off by considering photophysics in P3HT
pristine ﬁlms before describing photovoltaic conversion in
P3HT:PCBM blend ﬁlms. Here we will describe the formation
dynamics of various photoexcitations in P3HT with different
regioregularities [14]: RR-P3HT is employed as a crystalline conju-
gated polymer, which forms self-organized lamellae structures, and
RRa-P3HT is employed as an amorphous conjugated polymer. In
order to distinguish each transient species and trace them imme-
diately after the laser excitation, femtosecond transient absorption
is measured over a wide wavelength region of 500e1650 nm.
Measurement in the near-IR region is particularly important
because there are characteristic absorption bands of primary
photoexcitations such as singlet and triplet excitons and polarons,
althoughmost of the femtosecond transient absorption studies have
been conducted in a limited wavelength range up tow1100 nm.We
demonstrate that the photophysics is completely different between
RRa-P3HT and RR-P3HT with different regioregularities. The rele-
vance of the photophysics to polymer solar cells is also discussed.
5.1.1. RRa-P3HT
Fig. 17a shows transient absorption spectra of RRa-P3HT amor-
phous ﬁlms measured from 100 fs to 3 ns. A large absorption at
w1000 nm and a small shoulder atw700 nm are observed during
the laser excitation at 400 nm. At a later time stage, both absorption
bands disappear, and instead a new absorption band is observed at
around 800 nm and decays slowly. The absorption band at 1000 nm
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Fig. 18. a) Transient absorption spectra of RR-P3HT ﬁlms measured at 0, 1, 10, 100, and
3000 ps from top to bottom in each panel. The excitation intensity is varied as follows:
a) 15, b) 30, c) 60, d) 120, and e) 10 mJ cm2. The excitation wavelength is aed) 400 and
e) 600 nm. The broken line in the panel a represents the steady-state absorption
spectrum of the RR-P3HT ﬁlm [14].
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agreement with that of the ﬂuorescence. As shown in Fig. 17b, the
absorption band at 800 nm is observed even on a time scale of
microseconds and decays faster under oxygen atmosphere, and is
therefore ascribed to triplet exciton. On the other hand, as shown in
Fig.17c, the absorption anisotropy is still observed at 700 nm 100 ps
after the laser excitation. Therefore, the absorption band at 700 nm
is ascribable to tightly bound polaron pairs and not to mobile
species such as excitons and free polarons.
On the basis of detailed spectroscopic analyses, the primary
photophysics in RRa-P3HT pristine ﬁlms can be summarized as
follows. Singlet excitons and polaron pairs are promptly generated
immediately after the laser excitation. In other words, both species
are generated from hot excitons in competitionwith the vibrational
relaxation such as the dynamic localization. The singlet exciton
decays on a time scale of several to several hundreds of picoseconds,
depending on the excitation intensity. This intensity-dependent
decay dynamics is indicative of singlet excitoneexciton annihila-
tion. Interestingly, the formation yield of polaron pairs increases as
thebimolecular annihilationbecomesdominant at higher excitation
intensities. In other words, polaron pairs are more efﬁciently
generated from higher hot excitons produced by the singlet exci-
toneexciton annihilation. Theoretical calculations demonstrate that
higher hot exciton states are mixed with more interchain CT states
[156]. Thus, this ﬁnding suggests that such interchain CT states
contribute to the efﬁcient polaron generation. On the other hand,
triplet excitons are generated in a few picoseconds. The triplet rise
time is the same as the singlet decay time but much faster than the
normal intersystem crossing (w1 ns). This agreement clearly shows
that triplet excitons are efﬁciently generated from singlet excitons.
Furthermore, the triplet formation is more efﬁciently generated at
higher excitation intensities even though singlet excitons are
strongly quenched by the singlet excitoneexciton annihilation. We
therefore conclude that triplet excitons are efﬁciently generated
from higher hot excitons: not from relaxed singlet excitons by the
normal intersystem crossing.
Among theseﬁndings, of particular interest is the ultrafast triplet
formation in a fewpicoseconds. Asmentioned above, higher exciton
states in conjugated polymers are likely to be more mixed with CT
states, resulting in a relatively longer electronehole separation and
hence a smaller electron exchange integral 2J. The small energy gap
of 2J between the singlet and triplet states would promote the
interconversion between them. For a very small exchange integral,
hyperﬁne interaction (HFI) between the electron and nuclear spins
generally plays an important role in the interconversion mecha-
nism. In organic radicals, the HFI energy is typically in the order of
w5 mT, which corresponds to an interconversion time of several
nanoseconds [157,158]. Indeed, the interconversion time has been
reported tobew1ns for poly(3-octylthiophene) in a xylene solution
[159]. Thus, another mechanism is needed to explain the ultrafast
triplet formation on a short time scale of picoseconds.
We next consider the mechanism of the ultrafast triplet
formation in terms of the spin-allowed conversion. As a result, we
found that triplet excitons are generated from higher hot excitons
by a ﬁssionmechanism. Fission of a singlet exciton into a pair of two
triplet excitons is spin-conserving and hence spin-allowed, because
six of the nine possible intermediate pair-states have a singlet
character [55,160]. A higher hot singlet exciton generated by the
singlet excitoneexciton annihilation has more energy than two
thermalized triplet excitons. Thus, the singlet ﬁssion followed by
the singlet fusion (singlet excitoneexciton annihilation) is ther-
modynamically favorable. It is noteworthy that one higher singlet
exciton produces two triplets, suggesting that one photon could
provide two excitons. The singlet ﬁssion is similar to multiple
exciton generation in semiconductor quantum dots [161,162],which has attracted much attention as a third generation solar cell
becausemore than one exciton could be generated upon absorption
of one photon. Recent studies have demonstrated that the singlet
ﬁssion indeed contributes to the photocurrent in pentacene/C60
bilayered ﬁlms [163,164]. In RRa-P3HT:PCBM ﬁlms, the singlet
ﬁssion is not directly linked with the polaron formation. This is
partly because the triplet exciton state has a lower energy level
than the polaron state. Appropriate design such as the energy level
alignment could achieve the effective contribution of the singlet
ﬁssion to the photocurrent generation even in polymer solar cells.
5.1.2. RR-P3HT
The transient absorption spectra of more crystalline ﬁlms of RR-
P3HT are greatly different from those of RRa-P3HT amorphous
ﬁlms. Fig. 18 shows the transient absorption spectra of RR-P3HT
pristine ﬁlms. A large absorption band at w1200 nm and a small
absorption band at w650 nm are observed immediately after the
laser excitation. Note that the negative absorption bands at around
500e600 nm are ascribed to the photobleaching of the ground
state absorption as shown by the broken line. The two bands at 650
and 1200 nm rapidly decay on a time scale of tens of picoseconds
ab
Fig. 19. a) Transient absorption spectra of a RRa-P3HT pristine ﬁlm (broken line)
measured at 0 ps and RRa-P3HT:PCBM (50:50 w/w) blend ﬁlms (solid lines) measured
at 0, 0.2, 1, 100, and 3000 ps (from top to bottom). The transient absorption is corrected
for variation in the absorption at an excitation wavelength of 400 nm b) Transient
absorption spectra of RRa-P3HT:PCBM (50:50 w/w) blend ﬁlms excited at 450 nm
measured at 0.5, 1, 2, 4, and 8 ms (from top to bottom). The inset shows transient
absorption decays at 850 (upper) and 1030 nm (lower). The white broken lines
represent ﬁtting curves with a power-law equation: DOD(t) f ta [15].
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w1000 nm. With increasing excitation intensities, the absorption
band at 1200 nm decays more rapidly and instead the other two
bands are dominantly observed at 650 and 1000 nm. The absorp-
tion at 1200 nm is ascribed to singlet exciton because it has a decay
constant similar to the ﬂuorescence lifetime. The absorption bands
at 650 and 1000 nm are not observed on a time scale of micro-
seconds and therefore cannot be ascribed to triplet excitons. As
described later, the two bands at 650 and 1000 nm are observed for
RR-P3HT:PCBM blend ﬁlms and thus ascribed to polaron pairs and
polarons, respectively.
On the basis of quantitative analyses, the primary photophysics
in RR-P3HT pristine ﬁlms can be summarized as follows. At lower
excitation intensities, the singlet exciton is the major transient
species, and the polaron pair and polaron are minor species. The
polaron yield is several percents for the 400 nm excitation but
negligible for the 600 nm excitation, suggesting that polarons are
generated from a hot exciton with excess energy. At higher exci-
tation intensities, singlet excitons are more strongly quenched, and
instead polaron pairs and polarons are more dominantly generated.
The polaron yield increases to >30% at an excitation density of
2  1019 cm3. As mentioned above, this is because the polaron
formation is more efﬁcient from higher exciton states produced by
the singlet excitoneexciton annihilation. In crystalline conjugated
polymer ﬁlms like RR-P3HT, the higher singlet exciton states are
considered to contain signiﬁcant weights of interchain CT conﬁg-
urations because of the larger interchain interaction due to dense p
stacking in crystalline domains compared to that in amorphous
ﬁlms like RRa-P3HT. The larger interchain interaction strongly
mixes quasi-degenerate conﬁgurations to form a denser and wider
band of CTexciton states, whichmay form a quasi-continuous band,
leading to autoionization from higher singlet exciton states
generated by the singlet excitoneexciton annihilation [55,156,165].
Furthermore, such CT excitons are likely to be more delocalized in
crystalline domains than in amorphous domains and therefore can
be more easily dissociated into polarons rather than form tightly
bound polaron pairs. We note that no triplet formation is observed
for RR-P3HT pristine ﬁlms even at higher excitation intensities
although the singlet ﬁssion is thermodynamically possible from
higher excited states. This is a remarkable difference between RRa-
P3HT and RR-P3HT, suggesting that the primary photophysics is
strongly dependent on the ﬁlm morphology. This is probably
because the formation of polarons or polaron pairs is more efﬁcient
than that of the singlet ﬁssion because of the larger interchain
interaction in highly ordered RR-P3HT crystalline ﬁlms.
The issueof interest to the communityof organic solar cells is that
polarons can be generated from a hot exciton in RR-P3HT pristine
bulk ﬁlms even in the absence of electric ﬁelds. In general, excitons
generated inpolymer solar cells are considered tobedissociated into
free charge carriers only at the heterojunction because of the large
Coulomb binding energy. On the other hand, several groups have
reported recently that polarons may be generated not only at the
heterojunction but also in the P3HT bulk ﬁlms [166e169]. Our
ﬁnding is consistent with these recent reports and furthermore
demonstrates that hot excitons play an important role in the
formation mechanism of polarons in conjugated polymer ﬁlms.
5.2. Charge generation and recombination in P3HT:PCBM
This section describes the main points of a comprehensive
spectroscopic study on the charge generation and recombination
dynamics in P3HT:PCBM blend ﬁlmswith different regioregularities
[15]. The femtosecond transient absorption of such blend ﬁlms is
measured in order to quantitatively evaluate the efﬁciency of the
following photovoltaic conversion processes: the exciton diffusionto a donor/acceptor interface (hED), the charge transfer at the
interface (hCT), the charge dissociation into free carriers (hCD), and
the charge collection to the electrodes (hCC). We also describe the
relevance to the device performance of polymer solar cells.
5.2.1. RRa-P3HT:PCBM
Fig. 19a shows transient absorption spectra of RRa-P3HT:PCBM
(50:50 w/w) blend ﬁlms. The absorption band at 1000 nm
observed at 0 ps immediately after the laser excitation is ascribable
to RRa-P3HT singlet exciton. This singlet exciton band disappears in
a picosecond, and instead three absorption bands are clearly
observed at 800,1020, and 1600 nm. Asmentioned before, the band
at 1020 nm is ascribable to PCBM anion [13]. The bands at 800 and
1600 nm are ascribed to RRa-P3HT polarons, which is observed
even on a microsecond time scale as shown in Fig. 19b. This is
consistent with the previous assignments [170,171]. Compared to
that of RRa-P3HT pristine ﬁlms, the singlet exciton band is already
quenched tow50% even at 0 ps and completely quenched at 1 ps,
indicating almost 100% charge generation in the blend. Fig. 20a
shows the time evolution of P3HT singlet excitons and polarons.
The kinetic analysis shows that 70% of polarons are promptly
generated even at 0 ps and the remaining 30% of polarons are also
rapidly generated with a rise constant of 0.2 ps. On the other hand,
the P3HT singlet exciton is already quenched tow50% even at 0 ps
as mentioned above, and decays with the same constant of 0.2 ps.
This agreement suggests that polarons are efﬁciently generated
from P3HT singlet excitons. Such rapid formation of polarons is
ascribed to the charge generation at the interface of RRa-P3HT and
PCBM, because the exciton migration is negligible on such a short
time scale <0.2 ps. This is probably because of relatively homoge-
neous dispersion of PCBM molecules with 50 wt% in the RRa-P3HT
amorphous matrix, which would result in an intermolecular
distance less than 1 nm. Previously we have estimated the delo-
calization radius of singlet excitons (3.2 nm) in the RRa-P3HT ﬁlm
[14]. This is longer than the estimated intermolecular distance,
suggesting that singlet excitons can encounter a PCBM molecule
ab
Fig. 20. a) Normalized transient absorption signals of singlet exciton (closed circles)
and polaron (closed triangles) generated in RRa-P3HT:PCBM (50:50 w/w) blend ﬁlms
excited at 400 nm. The closed circles are obtained by subtracting the transient signal of
polaron at 1600 nm (closed triangles) from that at 1000 nm (singlet exciton and
polaron). The subtracted signals (closed circles) are ﬁtted with a monoexponential
fnction: DOD(t) ¼ A exp(t/s). The transient rise signals at 1600 nm are ﬁtted with an
exponential function and a constant: DOD(t) ¼ A[1  exp(t/s)] þ B. b) Normalized
transient absorption signals of photobleaching at 470 nm (closed squares) for RRa-
P3HT:PCBM (50:50 w/w) blend ﬁlms excited at 400 nm. The photobleaching signals
are ﬁtted with a constant: DOD(t) ¼ constant. After 1 ps, the polaron and photo-
bleaching bands are measured at 1030 and 480 nm, respectively. These transient rise
signals are ﬁtted with an exponential function and a constant: DOD(t) ¼ A exp(t/
s) þ B. The broken lines represent the best-ﬁtting curves. The dotted line indicates the
instrument response function of the transient absorption spectroscope. Note that the
time scale is linear before 1 ps and logarithmic after 1 ps [15].
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Fig. 21. Transient absorption spectra of a RR-P3HT pristine ﬁlm (broken line)
measured at 0 ps and RR-P3HT:PCBM (50:50 w/w) blend ﬁlms after thermal annealing
(solid lines) measured at 0, 1, 10, 100, and 3000 ps (from top to bottom). The transient
absorption is corrected for variation in the absorption at an excitation wavelength of
400 nm [15].
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decay is observed for the photobleaching at 470 nm, suggesting
that no singlet excitons return to the ground state during the time
scale of the charge separation. We therefore conclude that both the
exciton diffusion efﬁciency (hED) and the charge transfer efﬁciency
(hCT) are as high as 100% in RRa-P3HT:PCBM blend ﬁlms.
Turning to a slightly longer time scale of up to 1 ns, as shown in
Fig. 20, the polaron band decreases to 30% with a decay constant of
w0.8 ns. The photobleaching also recovers with the same constant
of w0.8 ns. This ﬁnding suggests that 70% of polarons deactivate
into the ground state by recombination with PCBM anions. There
are typically two dynamics for the charge recombination between
electrons and holes, monomolecular (geminate) recombination and
bimolecular recombination. It is impossible to distinguish between
them only bymeasuring transient spectra because transient species
are polymer polaron and PCBM anion in either case, but possible by
analyzing the decay dynamics because the former is the ﬁrst-order
reaction and the latter is the second-order reaction. In the ﬁrst-
order reaction, the decay constant is independent of the concen-
tration of the transient species. In contrast, in the second-order
reaction, the half-life is dependent on the concentration of the
transient species: it should be theoretically half at twice concen-
tration. Thus, we can discuss the recombination dynamics by
analyzing the intensity dependence of the decay kinetics. In RRa-
P3HT:PCBM blend ﬁlms, the decay dynamics is independent of
the excitation intensity and therefore ascribed to the mono-
molecular (geminate) recombination. We therefore conclude that
70% of polarons geminately recombine to the ground state and the
remaining 30% of polarons can be dissociated into free carriers,
which can be observed on a time scale of microsecond as shown in
Fig. 19b. In other words, the charge dissociation efﬁciency is as low
as 30% in RRa-P3HT:PCBM blend ﬁlms.5.2.2. RR-P3HT:PCBM
Fig. 21 shows transient absorption spectra of RR-P3HT:PCBM
(50:50 w/w) blend ﬁlms. The absorption band at 1200 nm
observed immediately after the laser excitation is ascribable to the
RR-P3HT singlet exciton. This band is signiﬁcantly quenched even
at 0 ps compared to that of RR-P3HT pristine ﬁlms, but is less
quenched and decays slightly slower than that of RRa-P3HT:PCBM
blend ﬁlms. On the other hand, several absorption bands ascribable
to charge species such as polaron pairs and polarons are observed
at around 650e1000 nm immediately after the laser excitation.
Such rapid charge formation is ascribed to the prompt polaron
generation from hot excitons generated near the interface of RR-
P3HT/PCBM. Fig. 22 shows the time evolution of the singlet
exciton band at 1200 nm and the polaron band at 1000 nm. As in
the case of RRa-P3HT:PCBM blend ﬁlms, the polaron band is
promptly observed even at 0 ps and then gradually increases with
the same time constant of the singlet exciton decay. The rate
constant of the prompt polaron formation (>1013 s1) is 104 times
faster than the deactivation rate constant (3.0  109 s1) of singlet
excitons in RR-P3HT pristine ﬁlms. Thus, the charge transfer efﬁ-
ciency (hCT) is estimated to be w100% at the RR-P3HT/PCBM
interface. The time constant of the delayed polaron formation is
much longer than that observed for RRa-P3HT:PCBM blend ﬁlms.
Furthermore, the rise constant increases with increasing P3HT
concentration and slightly increases after the thermal annealing,
suggesting that it depends on the P3HT domain size. The delayed
formation is assigned to the polaron generation via the exciton
migration to the interface of RR-P3HT/PCBM. In other words, the
time constant of the delayed formation of polarons is limited by the
exciton migration in relatively large crystalline domains of RR-
P3HT. This assignment is consistent with recent studies [172,173].
Because of the almost 100% charge transfer efﬁciency, the exciton
diffusion efﬁciency can be calculated by hEDz hq ¼ kq/(kF þ kq). In
this equation, the quenching rate is calculated by kq ¼ sav.1  kF
where sav. is the averaged lifetime of singlet excitons in blend ﬁlms,
kF is the deactivation rate (3.0  109 s1) of singlet excitons in RR-
P3HT pristine ﬁlms. For RR-P3HT:PCBM blend ﬁlms, hED is esti-
mated to be 93% before the thermal annealing and 89% after the
thermal annealing. In either case, hED is still high enough to collect
singlet excitons into the interface of RR-P3HT/PCBM.
We next move to a slightly longer time scale of a few ns to focus
on the charge dissociation in RR-P3HT:PCBM blend ﬁlms. In this
time domain, singlet excitons completely disappear and instead
polarons are observed. The broad absorption bands from 630 to
1050 nm are well reproduced by the sum of three types of polaron
bands: delocalized polaron band at 700 nm, localized bound
polaron band at 850 nm, and localized polaron band at 1000 nm. On
ab
Fig. 22. a) Normalized transient absorption signals of singlet exciton (closed circles,
1200 nm), localized polaron (LP: open triangles, 1000 nm) and localized polaron
loosely bound to PCBM radical anion (bound radical pair) (BRP: closed triangles,
850 nm) generated in RR-P3HT:PCBM (50:50 w/w) blend ﬁlms excited at 400 nm. The
open triangles are obtained by subtracting the transient signal of singlet excitons at
1200 nm (closed circles) from that at 1000 nm (singlet exciton and localized polaron).
b) Normalized transient absorption signals of photobleaching at 480 (closed squares)
and 610 nm (open squares) for RR-P3HT:PCBM (50:50 w/w) blend ﬁlms excited at
400 nm. Note that the time scale is linear before 100 ps and logarithmic after
100 ps [15].
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we speculate that delocalized polarons at 700 nm are located in
ﬁbrillar networks of P3HT crystals, localized polarons at 1000 nm
are located in disordered P3HT domains, and localized polarons at
850 nm are loosely bound to PCBM anion at the interface in
disordered amorphous P3HT domains.
We ﬁrst focus on the localized polarons bound to PCBM anions
in amorphous domains of RR-P3HT. As shown in Fig. 22, the decay
constant of the localized bound polaron band at 850 nm is in good
agreement with the decay constant of the photobleaching band of
the amorphous P3HT at 480 nm and the rise constant of the pho-
tobleaching band of the crystalline P3HT at 610 nm: 500 ps before
the thermal annealing, 250 ps after the thermal annealing. Thus,
this time constant is ascribed to hole transfer from amorphous to
crystalline domains. The decrease in the time constant is probably
due to a higher hole mobility after the thermal annealing
[175e177]. We therefore conclude that some of localized bound
radical pairs in amorphous domains can be dissociated into crys-
talline domains in RR-P3HT by the hole transfer in competition
with the geminate charge recombination. From the time constants
of the geminate recombination and the hole transfer, the charge
dissociation efﬁciency (hCDHT) due to the hole transfer from amor-
phous to crystalline domains is estimated to be 38% before the
thermal annealing, which is comparable to the charge dissociation
efﬁciency for RRa-P3HT:PCBM blend ﬁlms. This agreement is
consistent with our assignment of localized bound radical pairs in
amorphous domains in RR-P3HT. Interestingly, this efﬁciency
increases from 38 to 69% after the thermal annealing, suggesting
that localized bound radical pairs are more efﬁciently dissociated
into free polarons. This ﬁnding indicates that the charge dissocia-
tion of bound radical pairs is strongly dependent on the crystal-
linity of P3HT. These ﬁndings are consistent with a recent report
that the radiative geminate recombination of bound radical pairs is
more efﬁcient in RRa-P3HT:PCBM blend ﬁlms than in RR-
P3HT:PCBM blend ﬁlms [178].
We next focus on the delocalized polarons at 700 nm and
localized polarons at 1000 nm. The decay dynamics of the twobands is dependent on the excitation intensity at higher excitation
intensities, indicating the bimolecular recombination of free
polarons. We therefore conclude that all of the polarons at 700 and
1000 nm are ascribed to dissociated free polarons on a time scale of
nanoseconds. Remarkably, no decay is observed at lower excitation
intensities. In other words, the direct charge dissociation efﬁciency
(hCDD ) is estimated to be as high as w100% for these two polarons.
Consequently, the overall charge dissociation efﬁciency hCD is as
high as 80% before the thermal annealing, and increases to 93%
after the thermal annealing, which is three times larger than that
for RRa-P3HT:PCBM blend ﬁlms.
Such a high dissociation efﬁciency is consistent with the high
device performance, but in contrast to that of RRa-P3HT:PCBM
blend ﬁlms. Moreover, it cannot be rationally explained by the
classical models such as Onsager [179] and Braun [180]. Recent
theoretical studies suggest that the presence of donor/acceptor
interface increases the charge dissociation probability in compar-
ison with the homogeneous case [181e183]. Recently, Durrant
theoretically estimated the effective Coulomb capture radius to be
w4 nm at a typical donor/acceptor heterojunction by considering
the change in entropy associated with changing from a single
exciton to two separated charges [45]. Interestingly, this effective
Coulomb capture radius is consistent with our estimations of the
delocalization radius of singlet excitons [14]: singlet excitons with
a radius of w4.3e6.7 nm in RR-P3HT pristine ﬁlms can be effec-
tively dissociated into free polarons, while singlet excitons with
a radius ofw3.2 nm in RRa-P3HT pristine ﬁlms form bound radical
pairs. This correlation suggests that the delocalization radius of
polarons is closely related to that of singlet excitons. On the other
hand, Deibel and his coworkers have demonstrated that the efﬁ-
cient charge dissociation can be explained in terms of delocalized
charge carriers within conjugated segments in polymer chain by
performing kinetic Monte Carlo simulations [184]. This is again
consistent with our estimations of the different delocalization
radius of singlet excitons. We therefore conclude that the longer
separation distance of bound radical pairs >4 nm can promote the
dissociation of bound radical pairs and the formation of free
polarons effectively, whereas the shorter separation distance of
bound radical pairs <4 nm result in a signiﬁcant loss due to the
geminate recombination of bound radical pairs at the interface. In
addition, desirable phase-separated structures in RR-P3HT:PCBM
blend ﬁlms can also promote the dissociation of bound radical
pairs effectively whereas homogeneously-mixed blend structures
in RRa-P3HT:PCBM blend ﬁlms result in a signiﬁcant loss due to the
geminate recombination. Furthermore, the high charge mobility in
RR-P3HT:PCBM blend ﬁlms can also lead to the dissociation of
bound radical pairs effectively [180e185].
5.3. Relevance to the device performance
From the transient study, as described above, we can evaluate
the efﬁciency of three fundamental processes: hED, hCT, and hCD.
Thus, the remaining efﬁciency, the charge collection to the elec-
trodes (hCC), can be estimated from the internal quantum efﬁciency
(IQE), because IQE canbe represented by IQE¼ hED hCT hCD hCC.
The IQE values have been obtained in previous studies
[126,172,186,187]. Thus, the charge collection efﬁciency hCC can be
estimated to be 15% for RRa-P3HT:PCBM solar cells, 57e74% for RR-
P3HT:PCBM solar cells before the thermal annealing, and 91e100%
for RR-P3HT:PCBM solar cells after the thermal annealing. Note that
the efﬁciency is not absolute one but should depend on the ﬁlm
morphology. Indeed, the difference in the IQE is due to the different
ﬁlm morphology depending on the preparation conditions. None-
theless, the efﬁciency listed in the table demonstrates which
process is dominant in the device performance qualitatively.
Fig. 23. Transient absorption spectra of RR-P3HT:PCBM (50:50w/w) blend ﬁlms excited
at 400 nmmeasured at 0.5,1, 2, 5,10, 20 and 100 ms (from top to bottom). The open circles
represent transient absorption spectrum at 100 ms multiplied by a factor of 15 [16].
Table 1
Efﬁciency of each photovoltaic conversion process in P3HT:PCBM solar cellsa [15].
Blend ﬁlms hED hCT hCDHT hCD hCC IQE/%
RRa-P3HT:PCBM 1 1 0.31 0.15 5 [186]
RR-P3HT:PCBM
before annealing
0.93 1 0.38 0.80 0.57e0.74 42e55
[126,172,187]
RR-P3HT:PCBM
after annealing
0.89 1 0.69 0.93 0.91e1 75e83
[126,172,187]
a hED: Exciton diffusion efﬁciency to the interface of P3HT/PCBM, hCT: Charge
transfer efﬁciency at the P3HT/PCBM interface, hCDHT: Charge dissociation efﬁciency
by hole transfer from disorder phase to crystalline phase, hCD: Overall charge
dissociation efﬁciency, hCD: Charge collection efﬁciency, IQE: internal quantum
efﬁciency at 400 nm, which is taken from Ref or is calculated by IQE¼ EQE/hA where
EQE is the external quantum efﬁciency at 400 nm and hA is estimated from twice the
absorption at 400 nm under the following assumptions [147]: a) 4% incident light
loss at the air/glass interface and b) 100% reﬂection of the Al electrode.
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for RR-P3HT:PCBM solar cells while the lowefﬁciency in hCD and hCC
is a major cause of the poor device performance of RRa-P3HT:PCBM
solar cells. For the exciton diffusion, hED is as high asw100% for RRa-
P3HT:PCBM blend ﬁlms, 93% for RR-P3HT:PCBM blend ﬁlms before
the thermal annealing, and 89% after the thermal annealing. In other
words, homogeneously-mixed blend structures of RRa-P3HT:PCBM
ﬁlms are preferable to phase-separated blend structures of RR-
P3HT:PCBM ﬁlms in terms of the exciton collection to the inter-
face. This is consistent with the PL quenching experiments, indi-
cating that there is still room to further improve the exciton
diffusion efﬁciency in RR-P3HT:PCBM as reported by Schwartz
[188]. Indeed, such unquenched excitons can be collected by energy
transfer to dyemolecules in ternary blendﬁlms [126]. For the charge
transfer at the interface, hCT is as high as w100% both for RRa-
P3HT:PCBM and RR-P3HT:PCBM blend ﬁlms, suggesting that it is
dependent on the combination of donor and acceptor materials
rather than blend structures. For the charge dissociation, hCD is as
low asw30% for RRa-P3HT:PCBM blend ﬁlms, while it is as high as
80% for RR-P3HT:PCBM blend ﬁlms before the thermal annealing
and 93% for RR-P3HT:PCBMblend ﬁlms after the thermal annealing.
For the charge collection, hCC is only 15% for RRa-P3HT:PCBM blend
ﬁlms, while it is 57e74% for RR-P3HT:PCBM blend ﬁlms before the
thermal annealing and as high as 91e100% for RR-P3HT:PCBMblend
ﬁlms after the thermal annealing. The signiﬁcant differences in hCD
and hCC are mainly ascribed to the phase-separated networks and
the crystallization of RR-P3HT resulting in improved carriermobility
and large separation of bound radical pairs. The high charge
collection efﬁciency is consistent with previous reports that the
short-circuit current density (JSC) in RR-P3HT:PCBM solar cells
increases linearly with increasing irradiation intensity up to 1 sun,
suggesting that the bimolecular recombination loss is negligible
[189]. Recent studies also have shown that the bimolecular recom-
bination rate in RR-P3HT:PCBM blend ﬁlms is two orders of
magnitude lower than the Langevin recombination rate in homo-
geneous structures [16,190,191]. On the basis of these analyses, we
emphasize that there is not much difference in the charge genera-
tion yield between RRa-P3HT:PCBM and RR-P3HT:PCBM blend
ﬁlms. Rather, the charge dissociation and collection have a critical
impact on the device performance of P3HT:PCBM solar cells. The
desirable phase-separated network structures [121e123], which
have been recently revealed by 3D TEM tomography, play a crucial
role in the high efﬁciency of the charge dissociation and collection.
6. Bimolecular recombination in P3HT:PCBM
In the previous section, we showed that the charge collection
efﬁciency is more than 90% for RR-P3HT:PCBM blend ﬁlms after
thermal annealing. This result suggests that more than 90% ofcharge carriers can be efﬁciently collected to the electrode in RR-
P3HT:PCBM solar cells. In this section, we focus on the bimolec-
ular recombination dynamics in RR-P3HT:PCBM blend ﬁlms on
a time scale of microseconds to address the origin of such efﬁcient
charge transport in this blend [16].
6.1. Trap-free polaron and trapped polaron
Fig. 23 shows the transient absorption spectra of a P3HT:PCBM
blend ﬁlm measured from 0.5 to 100 ms after the laser excitation at
400 nm with a ﬂuence of 30 mJ cm2. At this time domain, two
absorption bands are clearly observed at around 700 and 1000 nm.
Both bands decay slowly on a microsecond time scale and are not
quenched under an O2 atmosphere. In other words, these bands are
assigned to neither singlet excitons nor triplet excitons. Rather, these
two bands can be ascribed to polarons: the 700-nm band to delo-
calized polarons and the 1000-nm band to localized polarons. This
assignment is consistentwith previous studies onP3HTpristineﬁlms
where the 700-nm and 1000-nm bands are ascribed to interchain
delocalized polarons and intrachain localized polarons, respectively
[113,170,171]. Interestingly, the 700-nm band decays faster than the
1000-nm band. The 700-nm band almost disappears and the 1000-
nm band is dominant at 100 ms. The open circles in the ﬁgure show
the transient absorption spectrum at 100 ms multiplied by a factor of
15. Thedifference indecay is indicative of thedifferent recombination
dynamics between delocalized polaron and localized polaron.
To address the origin of the different decay dynamics in the
P3HT:PCBM blend ﬁlm, we measure transient absorption decays at
700 and 1000 nm at different excitation intensities from 0.8 to
30 mJ cm2. Here the absorbance is converted into the charge carrier
density on the basis of the molar absorption coefﬁcient of each
polaron. As shown in Fig. 24, both decays can be well ﬁtted with an
empirical power-law equation.
nðtÞ ¼ n0ð1þ atÞa (1)
The exponent a for the 1000-nm decay is w0.5, which is
consistent with previous reports [118,190,192,193]. This power-law
decay with an exponent a < 1 is characteristic of bimolecular
recombination of trapped carriers having an exponential tail of
polaron trap states (trap-limited bimolecular recombination)
[194e196]. Interestingly, the exponent a for the 700-nm band is as
high as unity, suggesting trap-free bimolecular recombination.
The diffusion-limited bimolecular charge recombination
dynamics is given by
dnðtÞ
dt
¼ gðtÞn2ðtÞ (2)
where n(t) is the carrier density and g(t) is the bimolecular
recombination rate at a delay time t. Therefore, the bimolecular
Fig. 24. Time evolution of the carrier density n(t) in RR-P3HT:PCBM (50:50 w/w) blend
ﬁlms measured at a) 700 nm and b) 1000 nm. The excitation intensity at 400 nm is
varied over 0.8, 1.8, and 4.7 mJ cm2 from bottom to top in each panel. The broken lines
represent ﬁtting curves with an empirical power equation: n(t) ¼ n0/(1 þ at)a [16].
a
b
Fig. 26. Arrhenius plots of the bimolecular recombination rate g at a) 700 nm and b)
1000 nm over the temperature range from 150 to 290 K. The carrier density n is varied
from 1.3  1016 (A), 2.7  1016 (>), 5.4  1016 (-), 1.1  1017 (,), 1.6  1017 (C),
2.2  1017 cm3 (B) at 700 nm and from 1.3  1016 (A), 2.5  1016 (>), 5.0  1016 (-),
1.0  1017 (,), 1.5  1017 (C), 2.0  1017 cm3 (B) at 1000 nm from bottom to top in
each panel. The broken lines represent ﬁtting curves with the Arrhenius equation:
ln g ¼ ln A  EA/(kBT) [16].
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substituting eq (1) into eq (2)
gðtÞ ¼ dnðtÞ
dt
1
n2ðtÞ ¼
aa
n0
ð1þ atÞa1 (3)
Similarly, the bimolecular recombination rate can be also expressed
as a function of the carrier density by substituting eq (1) into eq (3).
gðnÞ ¼ aa
n

n
n0

1
a (4)
As mentioned above, a is equal to unity for the delocalized polaron
band at 700 nm and w0.5 for the localized polaron band at
1000 nm. Therefore, as shown in Fig. 25, the bimolecular recom-
bination rate is time-independent g¼ a n01z1012 cm3 s1 for the
delocalized polaron band at 700 nm, and time-dependent g(t) forb
a
Fig. 25. Logelog plots of the bimolecular recombination rate g at 700 nm (solid lines)
and 1000 nm (broken lines) as a function of a) time t and b) the carrier density n [16].the localized polaron band at 1000 nm, which decreases from 1012
to 1013 cm3 s1 over the time range from 106 to 103 s. We
therefore assign delocalized polarons to trap-free polarons and
localized polarons to trapped polarons.
If our assignments are correct, the temperature dependence of
the bimolecular recombination rate should be negligible for trap-
free polarons and remarkable for trapped polarons. Fig. 26 shows
temperature dependence of the bimolecular recombination rate of
(a) delocalized polarons observed at 700 nm and (b) localized
polarons at 1000 nm over the carrier density range from 1016 to
1017 cm3. For the delocalized polarons, the activation energy esti-
mated from the slope in the Arrhenius plot is as low asw0.078 eV
and independent of the carrier density. On the other hand, the
activation energy for the localized polarons is as large as
0.097e0.178 eV, which depends on the carrier density. Therefore,
this is consistent with our assignments of trap-free and trapped
polarons. Interestingly, the activation energy for the trap-free
polarons is comparable to that observed for the mobility of P3HT
pristine ﬁlms evaluated in ﬁeld-effect transistor (FET) conﬁguration
(0.08e0.1 eV) [113] and the activation energy for the trapped
polarons is comparable to that for themobility of P3HTpristineﬁlms
evaluated from the space-charge limited current (SCLC) (w0.13 eV)
[197]. The carrier density is typically >1018 cm3 in FET and
w1016 cm3 in SCLC measurements [198]. In other words, trap-free
charge transport is dominant under the FET operation condition
because of trap ﬁlling, while trap-limited charge transport is domi-
nant in the SCLC measurement because of incomplete trap ﬁlling.
The time-independent trap-free bimolecular recombination
rate gz 1012 cm3 s1 is one order of magnitude higher than that
estimated by photo-CELIV [191]. This is probably because the
photo-CELIV measurement cannot distinguish these two charge
carriers and hence gives the averaged bimolecular recombination
rate. Interestingly, the trap-free bimolecular recombination rate
is still two orders of magnitude lower than the Langevin recom-
bination rate given by gL ¼ e(me þ mh)/ 3 30 z 1010 cm3 s1 with
ab
Fig. 27. Plots of the activation energy EA for the bimolecular recombination rate g at a)
700 nm (open circles) and b) 1000 nm (open triangles) against the carrier density n.
The open circles are ﬁtted with a constant: EA ¼ 0.078 eV. The open triangles are ﬁtted
by eq (8). The solid and broken lines represent the best-ﬁtting curves and
EA ¼ 0.078 eV, respectively [16].
H. Ohkita, S. Ito / Polymer 52 (2011) 4397e44174414mez mhz 104 cm2 V1 s1 [199] where me and mh are the electron
and hole mobility, respectively, and 3 and 30 are the relative
permittivity of the ﬁlm and the vacuum permittivity, respectively.
As reported previously, the reduced bimolecular recombination
rate is ascribed to phase-separated bicontinuous network of P3HT
and PCBM domains, which are beneﬁcial for reducing bimolecular
recombination loss [190,191]. More importantly, the lifetime of
trap-free carriers is estimated to be s¼ (g n0)1z10 ms under the
1 sun condition, which is longer than a charge collection time
(w2 ms) to extract w50% charges under the 1 sun open-circuit
conditions [57]. This ﬁnding suggests that the majority of trap-
free charge carriers can reach the electrode before the bimolec-
ular recombination even under the open-circuit condition. Under
the short-circuit condition, asmentioned before, the recombination
loss has been reported to be negligible because the short-circuit
current increases linearly with the illumination intensity. We
therefore conclude that trap-free polarons play a major role in the
charge transport, resulting in the recombination-lossless perfor-
mance in P3HT:PCBM solar cells under not only the short-circuit
but also the open-circuit condition. This is consistent with the
relatively high ﬁll factors (0.6e0.7) and EQEs (>80%) reported for
this device compared to other combination devices [115e119].
On the other hand, the time-dependent trap-limited bimolec-
ular recombination rate g(t) varies from 1012 to 1013 cm3 s1
depending on time or carrier density, as shown in Fig. 25, which is
consistent with previous reports [190,192,200,201]. The origin of
the time-dependent bimolecular recombination rate is explained
by bimolecular recombination of trapped carriers whose trap
depths depend on the carrier density: the trap depth deepens with
time because of lower carrier density, resulting in the slower
bimolecular recombination rate on longer time scales
[192,195,196]. As shown in Fig. 25b, the slope of logelog plots of
g(n) against n is almost unity and therefore g(n) can be expressed
by g(n) z g0 n. Consequently, eq (2) is rewritten by
dnðtÞ
dt
z g0n3ðtÞ (5)
This is consistent with trimolecular recombination dynamics
reported for P3HT:PCBM blends recently [190,192,200e202]. More
speciﬁcally, g(n) can be expressed by g(n) f n(1/a)1. As reported
previously, a varies over 0.3e0.7 depending on PCBM fractions
or annealing conditions [118,190,192,193]. Therefore, the exponent
(1/a)1 would vary from 4.3 to 2.4 depending on such variations in
a from 0.3 to 0.7. In other words, the time-dependent trap-limited
bimolecular recombination rate is strongly dependent on the ﬁlm
morphology.6.2. Trap depth proﬁle
The power-law decay dynamics of polarons in polymer:-
fullerene blend ﬁlms has been theoretically explained by a model
with a bimodal density of states consisting of a narrow Gaussian
centered around HOMO level (n1, transport state) and a long
exponential tail (n2, localized state) [194e196,203].
n1ðEÞ ¼
N1ﬃﬃﬃﬃﬃﬃ
2p
p
s
exp
 
 ðE  E0Þ
2
2s2
!
(6)
n2ðEÞ ¼
N2
kBT0
exp

E  E0
kBT0

(7)
Interestingly, as shown in Fig. 27, the trap depth proﬁle we
evaluated for the localized polarons can be ﬁtted with the integralexpression of the density of states described by the sum of eqs 6
and 7 as follows:
n ¼
Z
n1ðEÞ þ n2ðEÞdE
¼ N1
2
ﬃﬃﬃﬃﬃﬃ
2p
p
s

1þ erf
ðE  E0Þﬃﬃﬃ
2
p
s

þ N2exp
ðE  E0Þ
kBT0

(8)
whereN1 is the integratedpolarondensities in the exponential tail, E
is the trap depth energy at the carrier density n, which is equal
to EA, E0 is the energy for charge hopping in the charge transport
state (0.078 eV), kB is the Boltzmann constant, T0 represents the
distribution of polaron trap states, which was evaluated to be 596 K
from the power-law decaywith az 0.5 at room temperature by the
following relation: a ¼ T/T0 [196], N2 is the integrated polaron
densities in the Gaussian distribution, and s is the standard devia-
tion of the Gaussian distribution. From the ﬁtting, the standard
deviation s is estimated tobe 0.025 eV,which is comparable to kBTat
room temperature, suggesting that localized polarons in the
Gaussian distribution can freely migrate as trap-free carriers at the
mobility edge. Some of the localized polarons are located in the
Gaussian distribution at w1017 cm3 corresponding to the 1 sun
open-circuit condition. Therefore, we conclude that not only delo-
calized polarons but also some of the localized polarons can
contribute to the hole transport under the 1 sun open-circuit
condition. Recent studies have shown that there are three phases
in P3HT:PCBM blends: ﬁbrillar network of P3HTcrystals, aggregates
of PCBMnanocrystals, and relatively disordered P3HTmatriceswith
PCBM nanocrystals [121,174]. We therefore speculate that delo-
calized polarons formed in the ﬁbrillar network of P3HT crystals
exhibit trap-free bimolecular recombination dynamics and hence
can migrate freely while localized polarons formed in disordered
P3HT matrices exhibit trap-limited bimolecular recombination
dynamics due tomultiple trapping and detrapping. Under the 1 sun
illumination, even the localized polarons can also migrate freely in
disordered P3HT matrices because some of the trap sites are ﬁlled
with excess polarons. In other words, such trap ﬁllings can improve
the total hole mobility, resulting in a better balance of hole and
H. Ohkita, S. Ito / Polymer 52 (2011) 4397e4417 4415electron transport [177] and further leading to high ﬁll factor and
EQE, because the electron mobility is typically higher than the hole
mobility in P3HT:PCBMblendﬁlms [176].We thus conclude that the
efﬁcient bimodal hole transport plays a key role in relatively high ﬁll
factors and EQEs observed for P3HT:PCBM solar cells.
7. Concluding remarks
In the last decade, remarkable progress has been made in the
device performance of polymer-based solar cells. The state-of-the-
art polymer solar cell has exceeded 8% power conversion efﬁciency
in 2010. More than 10% efﬁciency is now within reach, which is
a measure of practical application. Such remarkable progress is
mainly due to signiﬁcant developments of new materials. In
particular, polymer chemistry has played a leading role in the
recent progress and will be the key to further improvements of
polymer-based solar cells. On the other hand, there still remain
unsolved issues on the underlying mechanism of photovoltaic
conversion in polymer solar cells. The device performance such as
JeV characteristics just provides us the ﬁnal result of a series of
fundamental photovoltaic conversion processes: photon absorp-
tion, exciton generation, exciton diffusion, charge separation,
charge recombination, charge dissociation, charge transport, and
charge collection, which are ranging over nine orders of magnitude
on a temporal scale from 1014 to 105 s. Here we described how
powerful and useful the transient absorption spectroscopy is for
directly observing such transient species involved in photovoltaic
conversion processes. Use of the transient absorption spectroscopy
will help us understand “what” is going on in the device and
evaluate quantitatively “how” fast and efﬁcient each process is.
Consequently, we can discuss in detail “why” such device perfor-
mance is obtained on the basis of not the ﬁnal result but each
fundamental photovoltaic conversion process. Such an in-depth
understanding of the mechanism underlying polymer solar cells
will lead to the development of new materials and progress in
device engineering. Furthermore, a new photovoltaic conversion
mechanism might also be discovered. Developments of new
materials and device structures and better understanding of the
photovoltaic conversion mechanism will act in concert to help us
make further progress in polymer-based solar cells.
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